six groups based on the presence or absence of galactose and types of ubiquinone systems, i.e., Group Ia (glucose-mannose, Q6), Group Ib (glucosemannose, Q7), Group Ic (glucose-mannose, Q8), Group Id (glucose-mannose, Q9), Group IIa (glucosemannose-galactose, Q8), and Group IIb (glucose-mannose-galactose, Q9). Sugita and Nakase (1999) , , and reported phylogenetic relationships of species belonging to Groups Ic, Id, IIa, and IIb based on 18S ribosomal RNA gene (18S rDNA) sequence divergence. They showed that each of these groups was polyphyletic. In our investigation, we determined the nearly complete sequences of 18S rDNA sequences of fifty strains (including 47 type strains) of 47 Q7-forming Candida species (belonging to Group Ib), and analyzed their phylogenetic relationships. We also examined 18S rDNA sequences from two species and two varieties of the genus Issatchenkia, four species of the genus Saturnispora, and Pichia besseyi in this study. Our results were compared with the species relationships among ascomycetous yeasts based on the D1/D2 domain sequences of nuclear large subunit ribosomal DNA (26S rDNA) reported by Kurtzman and Robnett (1998) .
Materials and Methods
Strains employed. Fifty strains (including 46 type strains) of species of the genus Candida were used in this study (Table 1) Preparation of DNA. DNA was isolated from colonies on a YM agar slant incubated at 25°C for 3 to 4 days by using a MasterPure TM Yeast DNA Purification Kit (Epicenter Technologies, WI, USA) according to the manufacturer's instructions. Sequencing. 18S rDNA was amplified using the polymerase chain reaction (PCR) with Taq DNA polymerase (Takara Shuzo Co., Ltd., Otsu, Japan) and two primers, P1 (5Ј-ATCTGGTTGATCCTGCCAGT-3Ј) and NS8 (5Ј-TCCGCAGGTTCACCTACGGA-3Ј) with the exception of the following species. P1 and ITS4 (5Ј-TCCTCCGCTTATTGATATGC-3Ј) were used for C. diversa, Pichia besseyi, and Saturnispora species. P4F (5Ј-TATCTGGTTGATCCTGCC-3Ј) and ITS4 were used for C. silvae. The cycling parameters were as follows: an initial denaturation step of 95°C for 4 min followed by 30 cycles of 94°C for 1 min (denaturation), 55°C for 2.5 min (annealing), and 72°C for 2.5 min (extension). The PCR products were purified using an UltraClean PCR Clean-up Kit (Mo Bio Laboratories, Inc., Solana Beach, CA, USA). Purified 18S rDNA was directly sequenced by the dideoxy method using a SequiTherm Long-Read Cycle Sequencing Kit (Epicenter Technologies) and the ALFexpress DNA sequencer (Pharmacia Biotech, Uppsala, Sweden). The primers used for sequencing were UNVR-01 (5Ј-TGGAATTACCGCGGCTGCTGGCACC-3Ј), UNVR-02 (5Ј-CCGTCAATTCCTTTAAGTTTCAGCC-3Ј), UNVR-03 (5Ј-GACGGGCGGTGTGTACAAAGGGCAG-3Ј), SIJF (5Ј-TCTGGGCCGCACGCGCGCTACACTG-3Ј), 1310F (5Ј-CATGGCCGTTCTTAGTTGG-3Ј), 1332R (5Ј-AAGGTCTCGTTCGTTATCG-3Ј), 401F (5Ј-ACGGCTA-CCACATCCAAGGAAGG-3Ј), and 401R (5Ј-CCTTC-CTTGGATGTGGTAGCCGT-3Ј).
Phylogenetic analysis. Generated sequences and reference sequences from the nucleotide sequence libraries (EMBL, GenBank, and DDBJ) were aligned using the multialignment program CLUSTAL W (Thompson et al., 1994 ) (version 1.74). Reference 18S rDNA sequences used in this study were as follows: Distances between pairs of sequences were calculated using the two-parameter model of Kimura (1980) . Sites where gaps existed in any of the sequences were excluded. A phylogenetic tree was constructed using the neighbor-joining (NJ) method of Saitou and Nei (1987) . Bootstrap analysis (Felsenstein, 1985) was performed with 1,000 replicates for the NJ tree. A maximum-parsimony (MP) tree was generated by the MP method as implemented in PAUP*, version 4.0d (Swofford, 1998) . Schizosaccharomyces pombe was used as the outgroup because it is a representative member of the order Schizosaccharomycetales (Kurtzman, 1993; Kurtzman and Robnett, 1994) , and because it is one of the members of the "Archiascomycetes" as proposed by Nishida and Sugiyama (1994) .
Nucleotide sequence accession numbers. All the 18S sequences of Q7 Candida species determined in this study have been submitted to the DNA Data Bank of Japan (DDBJ) under the accession numbers shown in Table 1 . DDBJ accession numbers for 18S rDNA sequences from ascomycetous yeast strains sequenced in this study are as follows: AB053246 (Issatchenkia scutulata var. scutulata JCM 1828 
Results and Discussion
In this study, we determined the nearly complete sequences of 18S ribosomal RNA genes (18S rDNA) from the type strains of species of the genus Candida, which have Q7 as the major ubiquinone. The lengths of the 18S rDNAs were 1,704-1,789 bases, except for 1,502 bases from C. sorboxylosa. Figure 1 shows a phylogenetic tree constructed by the NJ method. In this phylogenetic tree, it was revealed that Q7-forming Candida species are polyphyletic and that they can be divided into three groups (designated here as Group I, II, and III). These three groups are distinct from the cluster comprising C. tropicalis (the type species of the genus Candida), C. albicans, C. maltosa, C. viswanathii, and C. parapsilosis, which have Q9 as the major ubiquinone. In order to evaluate the detection of three groups, we further analyzed another data set by the NJ method and the MP method. In this data set, C. sorboxylosa was excluded because it is a very longbranched taxon. Dipodascus albidus, Galactomyces geotrichum, Candida lusitaniae, Metschnikowia bicuspidata, Dipodascopsis uninucleata, and Lipomyces lipofer were also excluded because they did not have close phylogenetic relationships with Q7-forming Candida species in Fig. 1 . The results from both NJ (Fig.  2) and MP (Fig. 3) trees clearly demonstrated three groups that were separated from each other, although several clusters constituting Group I were weakly associated with each other. Relationships among Q7-forming Candida species in the three groups are discussed below in connection with related teleomorphic ascomycetous genera.
Group I
This group appears to be divided into at least four clusters but their basal branches have weak bootstrap support. In Fig. 1, C . vartiovaarae, C. maritima, C. utilis (anamorph of Pichia jadinii), C. freyschussii, C. odintsovae, C. melinii (anamorph of P. canadensis), and C. quercuum are placed near Williopsis saturnus var. saturnus and W. mucosa. Base sequence similarity values among these species ranges from 95.2% to 99.4% (10 to 81 nucleotide differences out of 1,697 sites). A cluster comprising these species had weak bootstrap support. For this cluster, branching order in the NJ tree (Fig. 2 ) differed somewhat from that in the MP tree (Fig. 3) . Candida vartiovaarae was closely associated with W. saturnus var. saturnus, as indicated from the D1/D2 of domain of 26S rDNA sequence analysis by Kurtzman and Robnett (1998) . The 18S base sequence similarity was 99.4% (10 nucleotide differences out of 1,697 sites). However, these two species differ by 6.4% difference in GϩC mol% of nuclear DNAs (Meyer et al., 1998) and by 2.3% base substitutions (13 nucleotide differences out of 575 sites) in the D1/D2 domain of 26S rDNA sequences (Kurtzman and Robnett, 1998) , indicating that these two species are not conspecific. Candida utilis is placed near W. saturnus var. saturnus in NJ trees ( Figs. 1 and 2 ), but the base sequence similarity is 97.7% (39 nucleotide differences out of 1,697 sites) between them. In the D1/D2 domain of 26S rDNA analysis, many Pichia species were placed between these two species (Kurtzman and Robnett, 1998) . These results did not support an earlier suggestion by Yamada et al. (1994) , who pointed out a close association of P. jadinii, the teleomorph of C. utilis, with W. Fig. 1 . A phylogenetic tree of Q7 Candida species and related ascomycetous teleomorphic and anamorphic yeast species based on 18S rDNA sequence divergence.
The tree was constructed by the NJ method. Schizosaccharomyces pombe was used as the outgroup species. Q7 Candida species are in bold type. The numerals represent the confidence level from 1,000 replicate bootstrap samplings (frequencies less than 75% are not indicated).
saturnus var. saturnus from partial rRNA sequence analysis. Among the other five Candida species in this cluster, the base sequence similarity values ranged from 95.2% to 98.1%, suggesting that they are separate species.
In Figs. 1-3 , clusters comprising phylogenetically divergent species are commonly found. These clusters had strong bootstrap support, but their basal branches were weakly supported. They comprise C. norvegica, C. montana, C. stellimalicola, C. solani, C. berthetii, C. dendrica, Williopsis pratensis, W. californica, P. opuntiae, P. thermotolerans, P. antillensis, P. amethionina var. amethionina, P. amethionina var. pachycereana, and P. caribaea. Base sequence similarity values among species in this cluster range from 81.5% to 99.6% (7 to 307 nucleotide differences out of 1,657 sites). C. norvegica and C. stellimalicola were associated with the W. pratensis and P. amethionina clusters, respectively, as indicated from the D1/D2 domain of 26S rDNA analysis by Kurtzman and Robnett (1998) . C. montana was associated with the P. antillensis cluster. In the D1/D2 domain of 26S rDNA analysis, the P. antillensis cluster was placed in a different clade (Kurtzman and Robnett, 1998) . Based on a large number of nucleotide differences in partial rRNA sequences of teleomorphic species in this clade, Yamada and co-workers proposed new genera, Komagataea for W. pratensis, Starmera for species of the P. amethionina cluster, and Phaffomyces for species of the P. antillensis cluster (Yamada et al., 1995a (Yamada et al., , 1997 (Yamada et al., , 1999 . For the same reason, they revived the genus Zygowilliopsis for W. californica. Furthermore, Yamada et al. (1999) proposed a new family Phaffomycetaceae on the basis of the nearly complete 18S rDNA sequence analysis. C. berthetii was associated with C. dendrica, and this association was well supported by 100% bootstrap. The base sequence similarity of these two species was 98.6% (24 nucleotide differences out of 1,747 sites). Kurtzman and Robnett (1998) have already indicated the association of these two species from the D1/D2 domain of 26S rDNA sequence analysis. These two species clearly differ by 5.6% base substitution (32 nucleotide differences out of 573 sites) in the D1/D2 domain of 26S rDNA sequence (Kurtzman and Robnett, 1998) . These two species have similar patterns in fermentation of sugars and assimilation of carbon compounds, but can be distinguished from each other by assimilation of nitrate, nitrite and cadaverine, and growth test at 37°C (Meyer et al., 1998 Meyer et al., 1998) . From the D1/D2 domain of 26S rDNA sequence analysis, C. silvicultirix was closely associated with Pichia ciferrii but is not the anamorph of this species (Kurtzman and Robnett, 1998) .
C. wickerhamii and C. peltata are found in the P. holstii-C. ernobii clade in Figs. 1-3 . This clade is distinct from other clusters in this group. The base sequence similarity between the two species is 97.4%. As suggested by Kurtzman and Robnett (1998) , these two species were associated with a cluster comprising P. holstii, C. ernobii, C. karawaiewii, C. ishiwadae, C. anatomiae, and C. populi, all of which possess Q8 as the major ubiquinone (Suzuki and Nakase, 1998) . It is the first case in which Q7 species mixed with Q8 species phylogenetically. This cluster was well supported by high bootstrap value.
Group II
This group comprised C. pignaliae, C. nemodendra, C. methanolovescens, C. maris, C. sonorensis, C. pini, C. llanquihuensis, C. cariosilignicola, C. ovalis, C. succiphila and its two synonyms (C. cellulolytica and C. methanolophaga), C. methanosorbosa, C. nitratophila, C. nanaspora, and C. boidinii and its two synonyms (C. methylica and C. ooitensis). Williopsis salicorniae and Pichia methanolica were also included in this cluster. Base sequence similarity values among species in this cluster ranged from 96.0% to 99.9% (2 to 67 nucleotide differences out of 1,684 sites). All methanolassimilating Candida species reported by Komagata (1980a, b, 1983) and Kumamoto et al. (1986) were included in this cluster. These were C. boidinii, C. cariosilignicola, C. methanolophaga, C. methanosorbosa, C. methylica, C. ooitensis, C. ovalis, C. succiphila, C. nemodendra, C. nitratophila, C. pini, C. maris, C. pignaliae, C. nanaspora, and C. sonorensis . Candida boidinii was closely associated with its synonyms, C. methylica and C. ooitensis. Lee et al. (1994) Fig. 2 . A phylogenetic tree of Q7 Candida species excluding Candida sorboxylosa and related ascomycetous teleomorphic and anamorphic yeast species based on 18S rDNA sequence divergence.
showed that C. methylica had high DNA relatedness to the type strain of C. boidinii. Kurtzman and Robnett (1998) showed that C. ooitensis had a sequence in the D1/D2 domain of 26S rDNA identical to that of the type strain of C. boidinii. Consequently, Meyer et al. (1998) regarded them as synonyms of C. boidinii. As indicated from the D1/D2 domain of 26S rDNA sequence analysis by Kurtzman and Robnett (1998) , C. methanolophaga and C. cellulolytica were closely associated with C. succiphila. Kurtzman and Robnett (1998) suggested these two species to be conspecific with C. succiphila. Lee et al. (1994) showed C. methanolophaga to be conspecific with C. succiphila based on DNA-DNA hybridization. Meyer et al. (1998) added C. methanolophaga to a list of synonyms of C. succiphila. Yamada et al. (1995a) showed that Candida maris, Candida boidinii, Candida methylica and Candida methanosorbosa had a phylogenetically close relationship to methanol-assimilating species of the genera Pichia and Ogataea based on 18S ribosomal RNA and 26S ribosomal RNA partial sequences.
Group III
This group consisted of four clusters that were well supported by high bootstrap values (95-100 %). The first cluster was composed of C. valida (anamorph of P. membranifaciens), C. ethanolica, C. pseudolambica, C. citrea (anamorph of P. nakasei), C. inconspicua, C. norvegensis (anamorph of P. norvegensis), C. rugopelliculosa, and C. lambica (anamorph of P. fermentans) . Candida krusei (anamorph of Issatchenkia orientalis), C. sorbosa (anamorph of I. occidentalis), I. scutulata var. scutulata, I. scutulata var. exigua, and I. terricola were also included in this cluster. Base sequence similarity values among species in this cluster ranged from 95.7% to 99.3% (12 to 74 nucleotide differences out of 1,726 sites). This cluster was well supported by a high bootstrap value. C. norvegensis, anamorph of P. norvegensis, was phylogenetically related to C. inconspicua, which was associated with I. scutulata var. scutulata. All members of the genus Issatchenkia were placed in this cluster, which includes Pichia membranifaciens, the type species of the genus Pichia, as indicated from the D1/D2 domain of 26S rDNA sequence analyses by Kurtzman and Robnett (1998) . Our data strongly supported the synonymy of Issatchenkia with the genus Pichia. Issatchenkia scutulata var. exigua was associated with C. rugopelliculosa but not with I. scutulata var. scutulata, suggesting that variety exigua of I. scutulata should be elevated to species rank.
The second cluster comprised C. diversa, C. silvae, Pichia besseyi, Saturnispora ahearnii, S. dispora, S. zaruensis, and S. saitoi. The 18S rDNAs of these species could not be amplified by using P1 and NS8 primers because these species had four base substitutions in the NS8 sequence. Base sequence similarity values among species in this cluster ranged from 93.0% to 99.5% (9 to 121 nucleotide differences out of 1,725 sites). This cluster was well supported by a very high bootstrap value, indicating that the genus Saturnispora is well definable phylogenetically. C. diversa and C. silvae were placed in the Saturnispora clade, as indicated from the D1/D2 domain of 26S rDNA sequence analysis by Kurtzman and Robnett (1998) . The genus Saturnispora was established by Liu and Kurtzman (1991) because species of this genus were phylogenetically distant from species of the genera Williopsis and Pichia based on analyses of partial sequences of 18S rRNA and 26S rRNA. The members of Saturnispora are phylogenetically closely related to each other. Pichia besseyi showed nearly identical 18S rDNA sequence to Saturnispora ahearnii. Kurtzman and Robnett (1998) showed these two species to be conspecific on the basis of the D1/D2 domain of 26S rDNA sequence analysis.
The third cluster of Group III consisted of a single species, C. sorboxylosa, which was a phylogenetically divergent, long-branched taxon. The base length of its 18S rDNA was about 1,500 and the shortest among Candida species as far as we examined them. Its 18S rDNA was very highly substituted at conserved regions as well as at variable regions. To confirm this uniqueness, we sequenced another strain of this species isolated from a different source, and the result showed the same sequence as that of the type strain (data not shown). At present, it is not certain whether C. sorboxylosa has a high rate of base substitutions in the 18S rDNA or is a very divergent species with a "normal" substitution rate. Sequencing of multiple genes is needed to resolve this question.
The fourth cluster consisted of a single species, Candida vini. Kurtzman and Robnett (1998) suggested C. vini to be an anamorph of P. fluxuum, because the type strain of C. vini had identical sequence to P. fluxuum in the D1/D2 domain of 26S rDNA sequences. P. fluxuum forms one to two, rarely three to four, roughened spheroidal ascospores.
In the analysis of D1/D2 domain of 26S rDNA by Fig. 3 . A phylogenetic tree of Q7 Candida species excluding Candida sorboxylosa and related ascomycetous teleomorphic and anamorphic yeast species based on 18S rDNA sequence divergence.
The tree represents by 1 of 78 most parsimonious trees derived from maximum parsimony analysis. Tree lengthϭ1, 888, CIϭ0.472, RIϭ0.732, RCϭ0.346, HIϭ0.527 . Branch lengths are proportional to nucleotide differences as indicated on the marker bar. Schizosaccharomyces pombe was used as the outgroup species. Q7 Candida species are in bold type. The numerals represent the confidence level from 100 replicate bootstrap samplings (frequencies less than 50% are not indicated). Kurtzman and Robnett (1998) , the Q7 Candida species examined were found in three large clades, i.e., the Pichia anomala clade, the clade including methanol-assimilating yeasts and near relatives, and the Pichia/Issatchenkia/Saturnispora/Dekkera clade. In our present 18S rDNA analysis, Group I, except for the P. holstii-C. ernobii clade, corresponded to the first clade, Group II and the P. holstii-C. ernobii clade in Group I corresponded to the second clade, and Group III corresponded to the third clade.
A note on the genus Williopsis
Phylogenetic heterogeneity of the genus Williopsis has been suggested based on partial 18S and 26S rRNA sequence analyses (Liu and Kurtzman, 1991; Yamada et al., 1994 Yamada et al., , 1995b and based on the nearly complete 18S rDNA sequence analysis (James et al., 1998) . However, their comparisons were insufficient because only limited numbers of species related to Williopsis species were used in their analyses. By inclusion of all known Candida species and teleomorphic ascomycetous yeast species, Kurtzman and Robnett (1998) clearly demonstrated this genus not to be monophyletic on the basis of the D1/D2 domain of 26S rDNA sequence analysis. Furthermore, our present study of nearly complete 18S rDNA sequences confirmed this observation. At present, based on the D1/D2 domain of 26S rDNA and 18S rDNA sequence analyses, it can be inferred that Williopsis consists of at least three lineages. The first lineage includes W. saturnus (the type species of the genus Williopsis) and W. mucosa. The second one includes W. pratensis and W. californica, and the third includes W. salicorniae.
In conclusion, on the basis of almost complete 18S rDNA sequence divergence, Q7-forming Candida species were polyphyletic and divided into three major groups. These groups were phylogenetically distant from the group of Candida species that includes the type species of the genus Candida. The genus Issatchenkia was suggested to be a synonym of the genus Pichia. Pichia and Williopsis species were also suggested to be polyphyletic. The genus Saturnispora was phylogenetically definable. To further verify phylogenetic relationships between Q7 Candida species and Pichia species, 18S rDNA sequences of other Q7-forming Pichia species need to be determined.
